Ionization differential cross sections are presented for low energy electron scattering from the 1π g and 4σ g orbitals of the tri-atomic molecule CO 2 , at incident electron energies ranging from 10 eV to 80 eV above the ionization threshold. The (e, 2e) experiments were conducted in a coplanar symmetric geometry, the outgoing electrons sharing the excess energy from the interaction equally. The results are compared to experiments previously conducted in the same geometry and over the same energy range from the 1π u and 3σ g orbitals of N 2 . An unusual feature has been discovered ionizing from the 1π g orbital at a scattered and ejected electron energy of 10 eV, where a second forward scattering peak is found at low angles.
Introduction
Understanding ionization of atoms and molecules by low energy electrons remains one of the most difficult problems facing atomic and molecular physics. The greatest detail is obtained when angular correlations are measured between 'scattered' and 'ejected' electrons following ionization by an incident electron, commonly referred to as an (e, 2e) experiment. Selection of different momenta for the outgoing electrons allows a complete description of the ionization process to be obtained, with experiments typically ranging in energy from a few eV to several thousands eV above the ionization threshold [1] . In the low energy region from threshold to around 100 eV, ionization is highly sensitive to different processes such as post-collisional interactions, polarization of the target, interference effects between the outgoing electrons and multiple collisions [2] [3] [4] [5] [6] . In this energy regime all of these processes have comparable importance, and so accurate modelling of the reaction is extremely challenging.
The (e, 2e) process may be represented by the reaction: where e 0 represents the incident electron with energy E 0 and momentum k 0 , A and A + correspond to the target before and after ionization, and e a , e b denote the electrons emerging from the reaction with energies E a , E b and momenta k a , k b, respectively. In the experiments reported here, the spin of the electrons is not measured, reducing the kinematical constraints to energy and momentum conservation. The outgoing electrons may have a range of different momenta, and so ionization can be described for a given incident energy E 0 by a differential cross section (DCS):
where d a and d b are solid angles defining the direction of the outgoing electrons and E a represents the energy of one of these electrons.
Experimentally it is necessary to restrict the number of variables when determining the DCS by holding one or more parameters constant, while allowing the remaining to vary. In this paper, (e, 2e) differential cross sections are presented for ionization from the 1π g and 4σ g molecular orbitals of CO 2 . The measurements were conducted in a coplanar symmetric geometry, the incident and detected electrons being in the same plane. An additional constraint imposed was that the scattered and ejected electrons were detected at symmetrically equal angles ξ = ξ a = ξ b and equal energies E a = E b (figure 1). DCS measurements were obtained at impact energies E 0 from 23.8 eV to 99.39 eV, with the scattered and ejected electron energies ranging from 5 eV to 40 eV. This spans the energy range used in the DCS measurements for N 2 presented by Hussey and Murray [7] , allowing comparison between the diatomic N 2 molecule and the tri-atomic CO 2 molecule.
As noted in [7] , existing (e, 2e) studies on the ionization dynamics of molecules have mostly been conducted in a coplanar asymmetric geometry, with incident electron energies E 0 > 400 eV. In these asymmetric experiments the scattered electron carries most of the energy from the reaction and is detected at a fixed forward scattering angle ξ a . Rioual et al [8] and Hussey and Murray [7] present the only (e, 2e) measurements on a molecule conducted in a coplanar symmetric geometry. Rioual et al [8] determined the DCS for ionization from the 3σ g and 1π u orbitals of N 2 at incident energies E 0 = 100 eV, 200 eV and 400 eV, whereas Hussey and Murray [7] measured the DCS from the same orbitals at incident energies between 25.6 eV and 76.7 eV. The only existing coplanar (e, 2e) studies from polyatomic molecules are by Cavanagh and Lohmann [9] from N 2 O, Avaldi and Camilloni [10] from C 2 H 2 and MilneBrownlie et al [11] from H 2 O. All these polyatomic studies were conducted in a coplanar asymmetric geometry, so it is difficult to draw comparisons between the present CO 2 results and these asymmetric studies. A brief overview of some existing experimental and theoretical (e, 2e) studies on the ionization dynamics of molecules is given in [7] .
The motivation for the experiments detailed here is to provide new results for low energy ionization of molecules so as to encourage more rigorous theories to be developed. Furthermore, comparison between measurements from the 1π g and 4σ g orbitals of the linear tri-atomic molecule CO 2 and the measurements presented in [7] for ionization from the 3σ g and 1π u orbitals of the linear diatomic molecule N 2 yields new information on the influence of orbital symmetry and parity. New information is also obtained on ionization of a target with three scattering centres, compared to a diatomic molecule with two scattering centres and an atomic target with only one. There is considerable current interest in the possible effects of Young's double slit interference on the ionization DCS from targets with multiple centres, and these results may provide additional data for these effects [12, 13] .
Hussey and Murray [7] found that the DCS measurements for N 2 at low electron impact energies were complicated by the presence of auto-ionizing excited states and shape resonances [7, 14] . DCS measurements at low electron impact energies (E 0 < 100 eV) conducted in a coplanar symmetric geometry are also sensitive to effects such as post-collision interactions between the outgoing electrons [15] [16] [17] [18] . The DCS measurements on the valence and innervalence states of CO 2 at low impact energy provide further tests for the influence of these processes on the ionization cross sections.
This paper is divided into four sections. Following this introduction the experimental procedure used to establish these results is briefly described. Experimental data from the 1π g orbital of CO 2 are then presented and compared to results from the 1π u orbital of N 2 . An unexpected feature in the forward scattering results for ionization of the 1π g orbital of CO 2 with E a = E b = 10 eV is detailed, with results collected using a smaller angular interval. Results from the 4π g orbital are then presented, allowing comparison with ionization from the 3σ g orbital of N 2 . Since no theoretical model for CO 2 exists at present in this energy region, conclusions about the variations observed in the DCS are based upon the electron density for the different orbitals of CO 2 .
Experimental procedure
A complete description of the (e, 2e) coincidence spectrometer and timing electronics used in the experiments presented here is given in [2] . The DCS measurements for ionization of CO 2 were collected in a coplanar symmetric geometry, the scattered and ejected electrons being detected with equal angles ξ a = ξ b = ξ , and with equal energies E a = E b . Data were collected at incident electron energies of 23.8 eV, 33.8 eV, 43.8 eV, 53.8 eV and 73.8 eV for the 1π g orbital and 29.39 eV, 34.39 eV, 39.39 eV, 59.39 eV, 79.39 eV and 99.39 eV for the 4σ g orbital. This corresponds to equal scattered and ejected electron energies of 5 eV, 10 eV, 15 eV, 20 eV and 30 eV for the 1π g orbital and 5 eV, 7.5 eV, 10 eV, 20 eV, 30 eV and 40 eV for the 4σ g orbital. The incident electrons were generated by a thermionic electron source and as such had a FWHM energy spread of ∼600 meV. Scattered and ejected electrons were detected using a pair of hemispherical analysers with an energy and angular resolution of ∼500 meV and ±3
• , respectively (further details are given in [2] ). Data were collected between ξ = 40
• and ξ = 125
• for the majority of results presented here. This reduced angular range of the spectrometer compared to the experiments carried out in [7] (ξ = 35
• to ξ = 125 • ) was due to a time-of-flight mass spectrometer (TOFMS) being installed to measure fragmentation of the target in a separate series of experiments. The time of flight tube was removed for measurements from the 1π g orbital at E a = E b = 10 eV, with forward scattering measurements being extended to ξ = 31
• at this energy. The CO 2 gas was introduced into the vacuum chamber through a 20 mm long platinum iridium hypodermic needle with internal diameter 0.5 mm via a Negretti needle valve. During data accumulation the vacuum pressure was maintained at 1 × 10 −5 Torr, as measured by a Varian UHV-24 ion gauge located ∼ 50 cm from the interaction region. Incident electron beam currents between 40 nA and 200 nA were adopted with data collection times from 1000 to 4000 s for each coincidence measurement. Drifts in the spectrometer tuning were minimized by the use of a computer control and optimization technique [2, 19] . The DCS measurements for a given energy and orbital were averaged over a number of sweeps of the detection plane, the associated error for each final data point being the standard deviation from this average. True coincidence count rates ranged between ∼0.2 Hz and 2 Hz, and the collection time for a particular valence orbital and energy ranged between one and two weeks.
The incident electron energy was calibrated by measuring the ionization coincidence signal from CO 2 , figure 2 illustrating the coincidence binding energy spectrum obtained. The spectrum was collected in a coplanar symmetric geometry where the outgoing electrons were detected with fixed equal energies E a = E b = 20 eV and at equal scattering angles ξ = 50
• . The data are averaged over three sweeps of the incident electron energy between 50 eV and 60 eV using an energy interval of 0.2 eV. The associated error on each data point is the standard deviation of the average from these runs. The spectrum has been corrected for a contact potential of ∼1.05 eV, as determined by comparison with published ionization potentials for CO 2 [20] .
The binding energy spectrum shown in figure 2 is qualitatively similar to that obtained in non-coplanar electron momentum spectroscopy studies [21] [22] [23] [24] and in photo-ionization studies [25] . The 1π g and 4σ g orbitals are clearly observed at binding energies of 13.77 eV and 19.39 eV, respectively. By contrast, the 1π u and 3σ u orbitals with respective ionization potentials of 17.31 eV and 18.07 eV were not resolved and appear as a single peak centred at ∼18 eV. As these were not resolved, DCS measurements from these orbitals were not taken, and so the measurements presented here are only from the 1π g and 4σ g orbitals. Although the binding energy of the 4σ g orbital is close to the energy of the combined 1π u and 3σ u states, Gaussian functions fitted to the binding energy spectrum indicate that the contribution to the 4σ g cross section from these states is minimal, as shown in figure 2 .
As an additional check on the angular calibration of the spectrometer, a survey of the DCS for ionization of the 1s atomic orbital of He in this energy range was conducted. The results were in agreement with previous measurements by the Manchester and Kaiserslautern groups [4, 26] .
Results and discussion
The ground-state electronic configuration of the linear tri-atomic molecule CO 2 is given by:
where the ionization potentials of the outer 1π g , 1π u , 3σ u and 4σ g orbitals are 13.77 eV, 17.31 eV, 18.07 eV and 19.39 eV, respectively. Ionization from these outer orbitals produces the X g states of the ion, respectively. The results presented here are DCS measurements for ionization from the 1π g valence orbital and 4σ g inner-valence orbital. The absence of an accurate theoretical model to describe electron impact ionization of molecules at incident energies below 100 eV, particularly for coplanar symmetric studies, limits the discussion to a qualitative comparison with previous low energy coplanar symmetric studies.
Ionization from the 1π g orbital of CO 2
Figures 3(a)-(e) show the DCS measurements for ionization from the 1π g orbital at incident energies E 0 = 23.8 eV, 33.8 eV, 43.8 eV, 53.8 eV and 73.8 eV, corresponding to E a = E b = 5 eV, 10 eV, 15 eV, 20 eV and 30 eV, respectively. The measurements were collected between ξ = 40
• at intervals of 5 • , the results at E 0 = 33.8 eV also including data at ξ = 35
• . The larger angular range at this energy was possible due to removal of the TOFMS as discussed above. To permit comparison between measurements, the results are presented on the same linear scale. Since the experiment did not measure absolute cross sections, all measurements are normalized to unity at ξ = 45
• . The error bars represent the statistical variation of the data accumulated over 15-20 sweeps of the detection plane.
From these data it is clear that the DCS peaks in a forward direction for all energies, and that this 'binary' peak shifts in position to smaller angles as the energy increases. In a simple approximation, this binary feature may be attributed to a single collision between the incident and bound electrons. At E a = E b = 5 eV, the forward peak occurs at an angle ξ ∼ 70
• . As the energy increases the position of the peak moves until at E a = E b = 30 eV the peak position occurs at an angle lower than measured by the spectrometer. In a similar way, the position of the minimum (ξ ∼ 105
• at E a = E b = 5 eV) also decreases in angle as the energy increases, although at a slower rate. The minimum is also seen to broaden as the energy increases.
The data indicate that significant cross section also occurs in the backscatter region (ξ > 125
• ) at all measured energies, although the relative intensity and position of the backscatter peak cannot be determined accurately since it lies beyond the angular range of these measurements. There appears to be an additional small feature occurring at ξ ∼ 70
• which is most obvious at E a = E b = 20 eV, but which can also be seen at lower energies. This feature has apparently disappeared for E a = E b = 30 eV. Since the initial target state is a π state, this feature may be a signature of the momentum distribution of a bound electron with λ = 1, where λ is the quantum number for the projection of the electron's orbital angular momentum onto the inter-nuclear axis of the molecule, as observed in low energy coplanar symmetric studies of ionization from atoms such as argon [27] and neon [28] . The results from CO 2 are compared to those from the 1π u state of N 2 , which are reproduced from [7] in figure 4. In the N 2 results the energy of the outgoing electrons again ranges from 5 eV through to 30 eV. The results are placed on a linear scale and are again normalized to unity at ξ = 45
• . Although similarities can be seen between the results for N 2 and CO 2 , there are clear differences which must arise due to differences in the targets. By contrast with CO 2 , at E a = E b = 5 eV the results from N 2 show a forward peak at ξ ∼ 60
• , which moves to ξ ∼ 40
• at E a = E b = 10 eV and remains in this position at higher energies. The minimum at E a = E b = 5 eV is at ξ ∼ 115 • , and this minimum moves to lower angles as the energy increases, as also observed for CO 2 . At E a = E b = 30 eV the minimum is broadened as also seen in CO 2 .
The backscatter peak is once more found beyond the measurable range for N 2 at all energies, however unlike CO 2 the backscatter signal is smallest when E a = E b = 5 eV, increases to a maximum when E a = E b = 20 eV and then reduces significantly when E a = E b = 30 eV. There is a clear feature at ξ ∼ 70
• for E a = E b = 10 eV, which Hussey and Murray [7] again suggest is due to the momentum distribution of the bound π electron with λ = 1. Table 1 summarizes these results for both CO 2 and N 2 to enable numerical comparison between the different targets.
It was suggested in [7] that for N 2 , the movement in the forward peak towards ξ = 90
• as the energy of the outgoing electrons reduces to 5 eV may be due to post-collisional interactions (PCI) between the outgoing electrons following the interaction, as observed in helium at similar low energies [18] . It is unlikely that PCI is the main cause of the shift in the forward peak position in CO 2 as given in table 1, as the peak continuously moves to lower angles as the energy increases to E a = E b = 30 eV, where PCI will not play a significant role. A further indication that PCI is not dominating the interaction when E a = E b = 5 eV is that the backscatter peak would also move towards ξ = 90
• , and there is no evidence that this is occurring. Other mechanisms must, therefore, be causing the change in position of the forward scatter peak. 
Measurements from the 1π g orbital of CO 2 when E a = E b = 10 eV
Closer analysis of the results in figure 3 (b) where E a = E b = 10 eV shows an increase in the cross section at ξ = 35
• compared to that at ξ = 40
• . This is a surprising result, as the DCS in a coplanar symmetric geometry must reduce to zero when ξ = 0
• and 180
• . This increase was observed consistently in the data for each sweep of the detection plane, and so it was decided to investigate this more closely. To facilitate this, the analyser positions were carefully checked to establish minimum safe working angles before they collided with the Faraday cup used to collect un-scattered electrons in the electron beam (see figure 1) . The minimum angle which could be used was ξ = 31
• , so a detailed set of data was taken every 2
• from ξ = 31
• to ξ = 50
• at this energy. The results of these studies are shown in figure 5 , superimposed on the data from figure 3(b). There is excellent agreement between the two data sets for ξ 35
• , both being normalized to unity at ξ = 45
• . The more detailed data at lower scattering angles show that the DCS has a local minimum at ξ ∼ 42
• , and that for angles less than 42
• the cross section once more increases. The results indicate that a local maximum occurs around ξ = 30
• . It would clearly be beneficial to take data at lower scattering angles to define the cross section more fully, and we are presently considering techniques to modify the (e, 2e) spectrometer at Manchester to allow this.
A secondary maximum at low-scattering angles has also been observed in the DCS for ionization of targets including CO, Ar and Ne. Rioual et al [8] observed a double maximum in the region ξ < 60
• for ionization of the 1π orbital of CO using an incident electron energy E 0 = 400 eV. A similar structure is also apparent in the results of Rouvellou et al [29] , Murray et al [27] , Bell et al [30] for ionization of the 3p orbital of Ar, and Murray and Read [28] for the 2p orbital of Ne, although none of the results show as clear a minimum as seen here. These authors attribute the local minimum in the cross section at small angles to the momentum of the bound valence p-electron. The similarity of the low angle results for ionization of the 1π g orbital of CO 2 presented here (and for the 1π orbital of CO in [8] ) with the atomic results for ionization of Ar [27, 29, 30] may imply that the atomic p-state origin of the π -orbital is an important factor in determining the ionization cross section. It will be interesting to see if theoretical models of the interaction can provide further information as to the cause of this feature. 
Measurements from the 4σ g orbital of CO 2
Ionization measurements from the 4σ g state of CO 2 were also conducted over a range of energies, since the 4σ g state could be separated from the unresolved 1π u and 3σ u states around 18 eV as shown in figure 2 . Six sets of results were obtained from 10 eV to 80 eV above the ionization threshold, for outgoing electron energies of 5 eV, 7.5 eV, 10 eV, 20 eV, 30 eV and 40 eV. The data were again normalized to unity at ξ = 45
• . Figure 6 shows the data that were obtained, presented on a linear scale. At E a = E b = 5 eV, there is a clear forward peak at ξ = 60
• , the minimum in the cross section occurring at ξ ∼ 100
• . The backscatter peak occurs at an angle ξ > 125
• . As the energy increases, the forward peak is again seen to move towards lower scattering angles, and the minimum in the cross section moves slowly towards ξ ∼ 85
• when E a = E b = 40 eV. At the highest energy the forward peak position appears to be around ξ = 45
• , although the uncertainty in the measurements does not allow a definite conclusion to be reached. At all energies the backscatter peak occurs beyond • , however the relative magnitude of the DCS seems to decrease relatively uniformly as the energy increases, unlike the results from the 1π g state.
As above, these results are compared to the measurements from the 3σ g state of N 2 [7] , which are presented in figure 7 on a linear scale. Clear differences are again seen between the two targets. At E a = E b = 5 eV, the results from the 3σ g state of N 2 show a forward scattering peak at ξ ∼ 50
• , and a very small contribution in the backscatter region. The forward peak in N 2 appears to remain around ξ ∼ 40
• as the energy increases, and is the dominant feature at all energies. When E a = E b = 10 eV the backscatter peak is a maximum, whereas at higher energies this decreases in magnitude significantly. In all cases, the backscatter peak occurs at ξ > 125
• . The minimum in the cross section again moves to lower scattering angles as the energy increases, which is in common with all results from both CO 2 and N 2 . Table 2 summarizes these results for both CO 2 and N 2 to again enable numerical comparison between the different targets. [22] . The position of the carbon and oxygen nuclei are shown. The contours indicate the probability of finding the electrons as 0.2%, 0.4%, 0.6%, 0.8%, 2%, 4%, 6%, 8%, 20%, 40%, 60% and 80%.
One of the main differences between the 1π g and 4σ g states of CO 2 can be seen in the electron charge cloud density distribution around the nuclei, as reproduced in figure 8 from the data of Chen et al [22] . The 1π g state is seen to be a repulsive state, with the electron charge density predominantly surrounding the two oxygen atoms in the linear molecule. There is almost zero probability of finding the electron near the carbon atom, and so the interaction between the incident electron and bound electrons in this state should approximate a region with two scattering centres, whereas interaction with the carbon and oxygen nuclei will be from three distinct scattering centres.
The absence of electron charge density around the carbon atom may be the cause of the unusual forward peak observed at ξ ∼ 30
• when E a = E b = 10 eV, however without theoretical input this can only be speculation.
By contrast, the electron charge density for the 4σ g state is seen to be very different. In this state the electrons have the highest probability of occupying a region close to the carbon atom, and have only ∼20% probability of being near the two oxygen atoms. The target, therefore, has three regions where electron-electron interactions are likely, in contrast to the 1π g state with two.
The spatial extent of the 4σ g state is seen to be smaller than the 1π g state, which is reflected in the higher binding energy of this state (figure 2). The proximity of the electrons to the ion core will partly shield the core from the incident electron. This may explain why scattering in the backward direction is less probable for this state compared to the 1π g state, where the incident electron is expected to be influenced by the ion core over a larger region of space.
Clearly, for a detailed calculation of the ionization process all bound electrons must be considered in the scattering process. In particular for the inner-valence 4σ g orbital, eight electrons occupy the outer-valence 1π u and 1π g orbitals, all of which have lower binding energy than electrons in the 4σ g orbital. These outer electrons are likely to influence ionization from the 4σ g orbital in a dynamic way, and so models which average over the position of these non-ionized electrons will probably prove to be inaccurate.
Summary and conclusions
In this paper new results for ionization of the tri-atomic molecule CO 2 have been presented. The measurements were conducted in a coplanar symmetric geometry at low incident energies. The results have been compared to those obtained from diatomic N 2 collected using the same spectrometer, the character of the states in each molecule (π and σ states) being the same. Clear differences are observed, which must be due to differences between the target configurations.
An unusual feature has been seen at low incident energy for ionization from the 1π g state of CO 2 , the cross section having a local minimum in the forward direction at around 42
• , with a further maximum around 30
• . Similar structures reported for targets including CO, Ar and Ne have been tentatively attributed to the momentum of the bound p-electron. The feature seen here may, therefore, imply that the p-state origin of the π -orbital is an important factor determining the ionization cross section. Further experiments are required to fully detail this structure.
The results presented here will hopefully promote theoretical interest in ionization from molecules at low to intermediate energies. Although this region is the most difficult to model, it is here that the ionization cross section is highest. It is, therefore, essential that accurate models are developed in this region, and the experimental results in this paper should provide a good basis for new developments in this area.
